The deformation microstructure produced by heavy cold rolling (from 70 % to 95 % reduction) of pearlitic structure with various amounts of rolling and the tensile strength of the cold rolled sheets were studied in the plain carbon steels with various carbon contents (0.6, 0.76, and 1.0 mass%C). The deformation microstructure was classified into the following three types; 1) Irregularly Bent Lamella (IBL): lamellae originally inclined with large angles to the rolling plane and irregularly bent after deformation, 2) Coarse Lamella with Shear band (CLS) : the rhomboidal blocks of weakly deformed lamellae bounded by shear band, 3) Fine Lamella (FL): heavily deformed lamellae aligned parallel to the rolling direction with fine interlamellar spacings. As rolling reduction increases, the proportion of FL increases.
Introduction
Cold drawn pearlitic wire, with the maximum tensile strength of 5.7 GPa, 1) e.g. music wire, tire reinforcement cord and bridge cable, is one of the strongest steels presently used. It is known that the strength of drawn pearlitic wire is described as the function of interlamellar spacing. According to Langford, 2) interlamellar spacing decreases as drawing strain increases as follows: where S is interlamellar spacing after drawing, S 0 is initial interlamellar spacing, e is true strain. Langford 2) and Embury and Fisher 3) showed that the strength of drawn wire is proportional to the square root of interlamellar spacing. On the other hand, Tarui et al. 4) proposed that the strength of wire is inversely proportional to interlamellar spacing. Most recently, Nishida et al. 5) proposed that the strength of deformed pearlite could be described by the rule of mixture for the strength of work-hardened ferrite and that of undeformed cementite. However, it is recently pointed out that microscopic change of cementite to nanocrystals or amorphous occurs in heavy deformation by wire drawing, [6] [7] [8] implying that work hardening of pearlite may not be simply explained by the refining of interlamellar spacing.
Heavy cold rolling of pearlitic steel is expected to broaden the application of high carbon steels to high strength steel sheets. Langford 2) reported that the interlamellar spacing after strip drawing (which produces thin drawn sheets) follows the Eq. (1) and that deformation hardening by strip drawing is equal to that by wire drawing because half of reduction is spent on localized shear deformation. Under such a condition, complex deformation microstructure containing localized shear bands is observed. However, the deformation microstructure formed by heavy cold rolling in pearlitic steel sheets has not been understood well.
The present study aims to examine the microstructure and tensile properties of heavily cold rolled pearlitic plain carbon steels with various carbon compositions.
Experimental Procedure
The chemical compositions of plain carbon steels used are listed in Table 1 . The 0.76C steel has a typical chemical composition of commercial music wires. The 0.6C and 1.0C steels contain approximately the same amounts of Mn and Si as the 0.76C steel. Ingots were produced by vacuum induction melting and hot-forged to 15 mm thick plates.
They were austenitized at 1 523 K for 0.3 ks in Ar atmosphere and hot-rolled to 5 mm thick plates, followed by air cooling to room temperature. The plates of 5 mm t ϫ 20 mm w ϫ40 mm l were austenitized at 1 223 K for 0.6 ks in vacuum. Those austenitized specimens were directly quenched into salt bath held at 823, 873 and 923 K, isothermally transformed for various periods and finally furnace cooled. Those pearlitic specimens were cold rolled by various reductions between 70 and 95 %.
Microstructure of cold rolled specimens were observed by SEM (scanning electron microscope; Hitachi S3100H) and TEM (transmission electron microscope; JEOL JEM200CX). The specimens for SEM observation were etched with 1 % nital or 3 % picral, after the mechanical polishing on TD plane (parallel to the rolling direction and normal to the rolling plane). Thin foils for TEM observation were cut by electrode discharge machine to 3 mmϫ0.7 mmϫ0.5 mm, mechanically thinned to 50 mm thick, and electropolished with 5 % perchloric acidϩacetic acid solution at 32 V and 286 K.
Tensile test specimens with the gage size of 2.5 mm w ϫ 8.6 mm l were cut from cold rolled specimens by electrode discharge machine, and mechanically polished to 0.5 mm thick by #1 500 grinding paper before testing. The longitudinal direction of those specimens was set parallel to the rolling direction (RD). It should be mentioned that the thickness of specimens rolled by more than 90 % became less than 0.5 mm since the initial thickness was kept constant as 5 mm. Tensile test was performed at an initial strain rate of 2.0ϫ10 Ϫ3 /s for the specimens in as cold rolled conditions and after aging at 523 K for 0.6 ks.
Results

Pearlitic Microstructure Formed after Isothermal
Transformation Microstructure of the 0.76C steel was fully pearlitic after all the isothermal transformation treatments. The 0.6C and the 1.0C steels showed almost fully pearlitic microstructure except for a small amount of proeutectoid phase along prior austenite grain boundaries. Figure 1 shows the variation of interlamellar spacing with transformation temperature. Such an interlamellar spacing was determined by taking an average for six measurements of the interlamellar spacing in SEM image of 10 000ϫmagnifica-tion after the pearlite with the apparent minimum spacing was selected in each area observed in 1 000ϫmagnification. Interlamellar spacing in the 0.76C steel decreases as transformation temperature is lowered in accordance with the previous study. 9, 10) Interlamellar spacings in the 0.76C steel transformed at 923 K, 873 K, 823 K are 230 nm, 150 nm and 115 nm, respectively. As carbon content increases, interlamellar spacing slightly decreases. Interlamellar spacings in the 0.6C, 0.76C and 1.0C steels transformed at 823 K are 120 nm, 115 nm and 105 nm, respectively. with coarse interlamellar spacing, and shear bands which are inclined at about 30°to RD as seen in Fig. 4(a) . The interlamellar spacing of the coarse lamella area is about 100 nm. It should be pointed out that this spacing is not reduced much from the initial spacing of 115 nm even after 85 % rolling. On the other hand, Fig. 4(b) shows that both ferrite and cementite lamellae are elongated and become much thinner, without fragmentation or discontinuity in those shear bands, than those in the coarse lamella area. The interlamellar spacing in the shear band is about 20 nm, which is about 1/6 of the initial spacing. Figure 5 shows the TEM microstructure of FL. Lamellae in pearlite, which appear continuous, are extremely elongated along the rolling direction. The interlamellar spacing in FL is about 20 nm, approximately the same as those in the shear band in CLS. Cementite lamellae in FL are markedly thinner (roughly estimated 3-5 nm thick) than those of the coarse lamella area in CLS (roughly 10-20 nm thick). Figure 6 shows TEM micrograph of deformed cementite lamellae contained in CLS area in the 85 % rolled specimens of the 0.76C steel. Apparently continuous cementite lamellae in Fig. 6 (a) are revealed to contain fine crystals of which diameters are in the orders of 1 to a few tens of nm in the dark field image of Fig. 6(b) . The presence of such fine cementite crystals was previously reported in heavily drawn wires. [6] [7] [8] It is clear that microstructure change in cementite lamellae similar to the case of drawn wires also occurs during cold rolling. It is expected that cementite in FL, more heavily deformed than in CLS, also shows a nanocrystalline structure. Figure 7 shows the SEM microstructures of the 0.76C specimens cold rolled. Figure 8 shows the change in the volume fractions of IBL, CLS and FL with rolling reduction in the cold rolling of 0.76C specimens. IBL is the majority in the specimen rolled by 70 %, and FL is not clearly observed. As rolling reduction is increased, CLS and FL increase while IBL decreases. When rolling reduction reaches to 95 %, the deformed microstructure is mainly FL, and IBL is not so clearly identified. These results indicate that IBL and CLS are gradually transformed to FL as rolling reduction increases.
Microstructure of Deformed
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Mechanical Properties of Cold-rolled Pearlitic
Specimens The strength of cold rolled pearlitic specimens was examined by tensile test . Figures 9(a) and 9(b) show the relationships between true strain in rolling and tensile strength of the cold rolled 0.6C, 0.76C and 1.0C steels transformed at 823 K, with and without aging. Without rolling (eϭ0 in Fig. 9(a) ), tensile strength increases with increasing carbon content. In the cold rolled specimens, tensile strength increases with increasing rolling strain. The strength increases by aging at 523 K for 0.6 ks after cold rolling ( Fig. 9(b) ). In the 1.0C steel, the strength of rolled and aged specimens initially increase with strain, but is nearly saturated after the reduction over 90 %. Figure 9 (c) shows the relationships between true strain and tensile strength after aging at 523 K of the 0.76C steel transformed at 823, 873 and 923 K. In the as-transformed condition, the lower transformation temperature results in the higher tensile strength. Work hardening by rolling is almost the same for the transformation temperatures presently investigated. Figure 10 shows the comparison between the tensile strength of drawn wires in a 0.76C 12) and a 1.0C 1) steels and those of cold rolled sheets obtained in the present study. It is seen that work hardening of cold rolled sheets is approximately the same as that of cold drawn wires in both of the 0.76C and 1.0C steels.
Discussion
Inhomogeneous Microstructure of Deformed
Pearlite Developed by Cold Rolling In the present study, the deformation microstructure of cold rolled pearlite is quite non-uniform, exhibiting the three kinds of characteristic morphology: IBL (Irregularly Bent Lamella), CLS (Coarse Lamella with Shear band) and FL (Fine Lamella) after the reduction over 70 %. IBL and CLS do not show an effective decrease in interlamellar spacing although interlamellar spacing of FL is significantly smaller than undeformed lamellae. Langford 2) compared the deformation structures produced by wire drawing and by strip drawing. He showed that the microstructure formed in wire drawing consists of elongated lamellar structure parallel to the drawing direction whereas strip drawing produces more inhomogeneous structure containing shear bands.
2) The cold rolled pearlitic structure observed in the present study is similar to the case of strip drawing. FL, of which lamellae are parallel to the tensile axis in rolling (i.e. the rolling direction), is similar to the deformation mi- crostructure in heavily drawn wires. On the other hand, IBL and CLS are not clearly observed in drawn wires and thus, are the characteristic morphologies in the cold rolled (and probably strip drawn) pearlitic steel. According to the classification of pearlitic structure by Takahashi et al., 13) a single "pearlite block", which has an identical orientation of ferrite crystal in ferrite/cementite lamellar structure, is subdivided into several "colonies", each of which has the same direction of cementite lamellae. Plastic deformation behavior of pearlite strongly depends on the crystallographic orientation and geometrical arrangement of ferrite and cementite lamellae in a colony. The colony with higher deformation stress with respect to rolling presumably tends to form shear bands locally; conversely, the colony with low deformation stress should elongate remarkably and more uniformly. Assuming that these inhomogeneous deformation microstructures originate from the difference in character of pearlite colony, it seems reasonable to conclude, for the microstructural development by rolling, as follows: 1) IBL is formed by compressing the colony with the lamellar direction nearly perpendicular to the rolling plane. 2) CLS is formed by the introduction of shear bands in the colony with high deformation stress with respect to rolling. 3) FL is formed in the colony with low deformation stress with respect to rolling. Additionally, the shear bands in the CLS and the compressed lamellae in IBL change their lamellar directions toward parallel to the rolling direction by further rolling, and eventually turn CLS and IBL to FL. In the situation described above, CLS deforms less than IBL and FL. Average sizes, measured by SEM, of the IBL, CLS and FL areas measured along the normal direction are 2.3 mm, 5.6 mm and 2.2 mm, respectively, in 85 % cold rolled specimens of the 0.76C steel. Since the pearlite colony size before rolling was about 10 mm in diameter, the reduction in thickness of IBL and FL in the cold rolled specimens is about 80 %. This is in reasonable agreement with the macroscopic strain (85 %). The measured lamellar spacing of FL in the 85 % cold rolled specimen is about 20 nm, as was shown in Fig. 5 . This is also close to the predicted spacing of 18 nm based that the initial spacing of 115 nm is reduced uniformly by 85 % rolling. Contrarily, the lamellar spacing of the coarse lamellar area in CLS is about 100 nm which is not different much from the initial spacing although the lamellar spacing in the shear band, about 20 nm, is much smaller than the initial one. This observation strongly indicates that deformation in CLS is accumulated mostly in the shear band. It can be deduced that 1, 12) and the cold rolled sheets presently studied.
deformation of IBL and FL is more uniform than that of CLS. Figure 11 shows the TEM microstructure of 0.76C steel transformed at 953 K and cold rolled by 10 %. A relatively coarse lamellar structure is produced at this transformation temperature, in which the deformation structure of cementite can be studied more easily. In Fig. 11(a) , many dislocations are piled up at the ferrite/cementite interfaces in ferrite. Fig. 11(b) shows that some cementite lamellae already exhibit slip-off even after slight rolling, as were also shown by Embury and Fisher, 3) and Porter et al. 13) Figure 11 (c) shows that cementite lamellae exhibit slip-off (marked as A and B in the micrograph). The plane of slip-off (A), which is parallel to the electron beam direction ([101] q //[110] a ), is approximately (121) q //(110) a , parallel to the slip plane of ferrite. This result indicates that slip initially takes place in a ferrite lamella and is transferred into a cementite lamella. Inoue et al. 15) examined the deformation behavior of coarse cementite particles in the specimens cold rolled by transmission electron microscopy. They reported that the slip planes of cementite are (100) q , (001) q and (010) q at room temperature. Several investigators also reported that {110}͗111͘ q slip, in addition to {100} q slip, can be also activated in wire drawing. 14, [16] [17] [18] However, those slip systems are different from the present observation. This observation might indicate that multiple slip systems operate in cementite to maintain the compatibility between ferrite and cementite lamellae in rolling. It seems that the nature of cementite embedded in ferrite (orientation relationship, size and shape, etc.) seems to affect its deformation behavior.
Deformation of Cementite Lamella by Rolling
In the specimens more heavily rolled, cementite lamellae become thinner by deformation especially in the shear band of CLS and in FL. Also nanocrystals of cementite form in those lamellae. Such a microstructure change in cementite lamella by cold rolling is essentially the same as in the case of wire drawing.
Conclusions
Pearlitic steel sheets with different carbon contents (Fe-0.6, 0.76 and 1.0C) were heavily cold rolled by various reductions from 70 to 95 %. The deformation microstructures of cold rolled sheets were observed by SEM and TEM, and the tensile strength of those specimens was examined. The main results obtained are as follows:
(1) The deformation microstructure of cold rolled pearlite is very inhomogeneous and are classified into the following three types; 1) IBL; Irregularly Bent Lamella, 2) CLS; Coarse Lamella with Shear band, 3) FL; Fine Lamella. In 70 % cold rolled specimens, IBL is the majority in the deformed structure. FL, with the interlamellar spacing of 20 nm, exhibits lamellar cementite with the roughly estimated thickness of 3-5 nm. As reduction increases, the fractions of CLS and FL in the deformation structure increase. FL becomes major whereas IBL is hardly recognized in the specimens cold rolled by over 90 %. The cementite lamellae in the heavily cold rolled specimens contain very fine cementite crystals whose diameters are in the order of 1 to a few tens of nm, as previously reported in the heavily drawn wires.
(2) The tensile strength of cold rolled specimens increases with the rolling strain. The work hardening by cold rolling is approximately the same as those by wire drawing. After 92 % cold rolling, the tensile strength over 2 500 MPa can be achieved in 1.0C steel.
